Abstract-In this letter, a new planar spiral antenna for passive radio frequency identification (RFID) tag application at UHF band is designed and optimized using the Artificial Bee Colony (ABC) algorithm. The optimization goals are antenna size minimization, gain maximization, conjugate matching, and in consequence the maximization of the read range. The antenna dimensions were optimized and evaluated using ABC in conjunction with commercial electromagnetic (EM) software. The comparison of the results obtained by ABC to respective ones of other popular evolutionary algorithms show that ABC can be efficiently applied to tag antenna design problems. To validate the theoretical results, designed RFID tags were fabricated, and their reading efficiency was evaluated experimentally. The results of simulation and those received via measurements prove that the proposed method for the design of passive RFID tag antennas is efficient, as antennas with dimensions less than 3 cm, gain that reaches the value of 1.6 dBi, and read range about 6 m were obtained.
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I. INTRODUCTION

R
ADIO frequency identification (RFID) has gained considerable growth in the last decade and remains in the front end of the general research and development sector concerning the remotely receiving and transmitting data using RF waves [1] , [2] .
One of major challenges in today's RFID technologies that could potentially impede their practical implementation is the design of small-size tag antennas with high efficiency and effective impedance matching to IC chips with typically capacitive reactance. These antenna requirements are essential to optimize the RFID system power performance, especially for passive configurations where the only energy source is the [3] , [4] . In this letter, we design novel spiral antennas subject to constraints, necessary for passive UHF tags, by using a design framework based on evolutionary algorithms (EAs). EAs are suitable optimization tools for solving the abovedescribed design problem. Genetic algorithms (GAs) and Ant Colony Optimization (ACO) have been applied successfully to RFID antenna design [5] - [7] . Another popular EA is differential evolution (DE), which is used in [8] for antenna and microwave filter design. Swarm intelligence (SI) can be defined as the collective behavior of decentralized and self-organized swarms. Particle Swarm Optimization (PSO) [9] is an SI algorithm imitating bird behavior in a flock. PSO has been used successfully to the constrained beamforming problem in [10] . Artificial Bee Colony (ABC) [11] is a recently proposed SI algorithm, which has been applied to several real-world engineering problems.
Our goal was to design small-size printed tag antennas with large gain and reading distance. Additionally, the tag should be conjugate-matched to the chip's input impedance at 867 MHz. The main reason for selecting the spiral shape to realize the tag antenna was the fact that this configuration has the attribute of space filling. Thus, this shape satisfies two objectives-the curve occupies small area, and the large length of the curve would permit the antenna to resonate at a frequency inside the UHF band. In this letter, the ABC algorithm is compared to other algorithms like GAs, PSO, and self-adaptive DE (SADE) . All the optimization algorithms are compared applied to a particular problem of symmetric spiral antenna design. The numerical results show the advantages of the ABC approach.
II. ARTIFICIAL BEE COLONY OPTIMIZATION
The ABC algorithm models and simulates the honeybee behavior in food foraging. In ABC algorithm, a potential solution to the optimization problem is represented by the position of a food source, while the food source corresponds to the quality (objective function fitness) of the associated solution. In order to find the best solution, the algorithm defines three classes of bees: employed bees, onlooker bees, and scout bees. The employed bee searches for the food sources; the onlooker bee makes a decision to choose the food sources by sharing the information of employed bee. If a solution representing a food source cannot be improved by a predetermined number of trials, which is a parameter called "limit," it means that the associated food source has been exhausted by the bees, and then the employed bee of 1536-1225 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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this food source becomes a scout bee. The position of the abandoned food source (solution) is then replaced with a randomly produced solution. Each employed bee corresponds to one food source (i.e., the number of the employed bees is equal to the number of solutions). The employed bees search for new neighbor food source near their hive. A new position of the solution is generated using (1) where is a randomly chosen index from the population different than , is a randomly chosen index from , is the number of food sources, is the problem dimension, and is a uniformly distributed random number within [ 1, 1] . ABC uses a greedy selection operator. An onlooker bee chooses a food source depending on the probability value associated with that food source, , given by (2) where is the fitness value of the th solution, which is proportional to the nectar amount of the food source in the th position. When a food source (solution) cannot be improved anymore, then the scout bee helps the colony to randomly generate new solutions.
III. PROBLEM DESCRIPTION
The first difficulty in designing a tag antenna arises from the requirement to be conjugate-matched to the IC chip, which has input impedance with relatively low real part and high capacitive imaginary part. Therefore, the antenna's input impedance must have an inductive imaginary part of equal value. Moreover, the demand for the tag antenna to be of small size is also opposed to the desired attribute of relatively high gain. Therefore, the optimization goals for RFID tag design are gain maximization and conjugate matching. The objective function is defined by (3) where is the vector of the antenna geometry, is the antenna gain calculated, is a very large number, and is the (loaddependent) reflection coefficient of the tag antenna-load system that is computed by (4) where is the chip input impedance and the tag input impedance, respectively.
An important parameter of the RFID system performance, as mentioned before, is the read range that is the maximum distance at which the RFID reader can detect the backscattered signal from the tag. The read range is expressed using Friis free-space formula as [2] (5) where is the effective isotropically radiated power by the reader, is the tag directivity, is the tag efficiency, is the polarization loss factor, is the power absorbed by the chip, and is the power transmission coefficient. Additionally, the antenna size in the optimization process was restricted to 55 55 mm. The computation of the objective function requires the use of a full-wave numerical method. The spiral antenna design cases are modeled in FEKO. In order to integrate the in-house source code of the evolutionary algorithms with FEKO, a wrapper program is created. All algorithms are compiled using MS Visual C++ 2010. The C source code of the ABC algorithm was the one given in [12] .
IV. NUMERICAL RESULTS
The RFID tags presented in this letter are designed for operation in Europe, where the minimum EIRP requirement is W. All of the spirals are structured with copper strips of 1 mm width, printed on dielectric substrate with and thickness mm. The tags are assumed to be in free space. In this letter, we compare the ABC algorithm to a binary-coded GA [5] , PSO [10] , and SADE [8] on an RFID tag design case. The control parameters selected for the above algorithms are given below. For GA, the crossover probability and the mutation probability are set to 0.9 and 0.1, respectively. In the PSO algorithm, the cognitive learning factor and the social learning factor are both set equal to 2.05. The inertia weight was linearly decreased from 0.9 to 0.4. SADE requires the adjustment of two parameters: the population size and the number of iterations.
The algorithms were run, and results were compared. The best value, the worst value, the mean, and the standard deviation of the last generation computed by each algorithm are presented here. For all algorithms, we selected a population of 20 vectors, and the total number of iterations was set to 1000. The stopping criterion was the iteration number. Additionally, if each algorithm has not improved the objective function value for 200 iterations, then it stops to avoid stagnation. The objective function was the one given by (3) . We also obtain the minimum , maximum , and the average number of objective-function evaluations for each algorithm and the success rate ( ) that is the number of each algorithm's successful runs divided by the total runs number. Fig. 1 shows the spiral geometry. The optimization parameters are the first spiral length , the spacing between the two spirals , the first branch number (i.e., the number of the horizontal and vertical sections of each spiral branch), and the second branch number .
A. Optimization Procedure
We present a design example of this symmetric spiral. The design parameters of the best result found by the ABC algorithm are , , mm, and mm. We have obtained a tag gain of 1.51 dBi and at 867 MHz. The tag size is 22.97 27.07 mm , and the theoretical maximum read range between 865 and 869.8 MHz is 7.08 m. It is pointed out that this is an initial estimation without taking into account a possible polarization mismatch between the tag and the reader. Such a mismatch is expected to reduce this range. Fig. 2(a) depicts the surface current distribution of the best spiral found, and Fig. 2(b) shows the 3-D radiation pattern. Table I presents the statistical results of the objective-function values for each algorithm. The ABC algorithm seems to perform better than the other algorithms. ABC obtains the best objective-function value, the highest mean value, and the smallest standard deviation value. The SADE strategy obtains the second best result close to that of ABC, but the ABC mean value found is smaller. Table II holds the number of objective function evaluations results with the success rate. We notice that the ABC algorithm has achieved the highest success rate.
B. Fabrication and Measurements
To validate the design procedure, the tag of Fig. 2 was fabricated and measured. However modification of the initial layout was necessary due to the following reasons: 1) a layer of adhesive, with dielectric constant , was used to glue the copper strip of the antenna to the dielectric substrate; 2) a silicon layer, with , covered the surface of the metal to prevent potential rusting of the copper. For the fabrication, the chip SL3S1203_1213/UCODE G2iL was used, with input impedance and power sensitivity 17.6 dBm. Due to the facts mentioned above, in order to achieve conjugate matching and efficient operation, the following modifications were made to the original design. A loop was incorporated into the initial tag antenna, and the points at which the chip was initially connected were shortened. Additionally, the chip was connected at a new position.
The new layout of the antenna was obtained via repeated modifications of the configuration and respective simulations. Wireless Edge/MT-242032/NRH. The reader antenna characteristics are: emitted power 1 W, gain 7 dBi, and circular polarization. The measurements were received by positioning the tag parallel and perpendicular to the horizontal plane and by rotating it around the -, -, and -axes. The measurements consisted of the readability of the tag versus its distance from the reader. Fig. 4 shows the statistical results of all measurements. It is evident that the maximum read range is about 6 m. This is much higher than the tags in [5] where the maximum read range is 79 cm. In practice, the utilization of more than one reader antenna, positioned at different directions, would ensure the tag tracking at almost any tag orientation at a distance no farther than 6 m. These measurements are in good agreement with the theoretical prediction. In accordance to (5), the theoretically expected maximum read range is 5.9 m. For this estimation, polarization loss factor equal to 0.5 was used, as the fabricated antenna has linear polarization and the reader circular.
V. CONCLUSION
In this letter, the spiral configuration is proposed for the design of passive UHF tag antennas. Due to several geometrical parameters of the spiral layout, an optimization process based on the ABC algorithm was combined synthesized with a design process to enhance the tag's performance. The validation of this design process was made by fabricating the designed antennas and measuring their readability. Modification of the initially designed antenna by addition of a matching loop seems to be necessary and effective in order to improve the performance of the fabricated tag. The whole design framework led to tags with attractive attributes: size smaller than 30 mm, satisfactory matching to the respective chip, reflection coefficient , gain dBi, and experimentally measured maximum read range m. The gain and the maximum read range could be considered sufficient compared to the small tag size.
